The preparation of novel C/Cu composites by controlled three-step electrodeposition is described. Alloying elements, i.e., Sn, Cr, Fe and Ni were added to the systems to modify the interface. The properties of the interfaces were extensively studied. The interface interaction in C/Cu composites was mechanical bonding, and chemical bonding in C/Cu-Cr and C/CuFe composite systems. Alloying elements can improve the tensile strength of composites by enhancing the interface bonding. An improved thermal compatibility of the composites was observed.
INTRODUCTION
The mechanical properties of metal matrix composites are governed not only by the properties of the individual components (i.e., reinforcement and matrix), but also by those of the interface between them. The interface can cleave or, as in many cases, it takes the form of an interface region of significant thickness. Frequently, the reinforcement fibers are manufactured with a protective coating to prevent abrasion and to improve the handling properties as well as to inhibit interface reaction that can be detrimental for the * Author to whom correspondence should be addressed. mechanical properties of the fibers. However, a physical and chemical interaction between fiber and matrix is useful because it provides a good stress transfer between the two components.
Carbon fiber reinforced copper matrix composites are expected to combine the ductility and electrical conductivity of the Cu matrix with the strength and high modules of the carbon fiber reinforcement. Considerable improvement can be gained in the mechanical properties of composites compared to those properties in monolithic metals and carbon fibers. However, the improvement in properties is not always as good as expected theoretically. The reason is that these properties depend on the nature and the efficiency of load transfer from the matrix to the reinforcement in the interface region. The addition of alloying elements to the composites can improve the nature of interface bonding and thus the properties of composites. Therefore, the objective of this research is to study the effects of alloying elements on the interface and the resulting properties of C/Cu composites.
MATERIALS AND EXPERIMENTAL PROCEDURE

A. Materials
The carbon fiber used in this experiment was polyacrylonitrile-carbon (PAN) fiber manufactured by ICI pic (APC-2/Hercules Magnamite AS4 Carbon fibers). Its main properties are as follows: tensile strength of 1960 MPa, electrical resistance of 1.6 χ 10 3 μΩ-cm. The necessary chemicals were supplied by Sigma Chemical Inc.
B. Fabrication of Composites
Formulas to deposit Cu, Sn, Cr have been stated in a previous research paper III. Fabrication of composites was carried out in a computerized continuous three-step electrodeposition set. The schematic flow diagram of the process is illustrated in Fig. 1 .
The fibers were pretreated to remove oil or other contaminants totally, and they then went through the preliminary electrolytic cell to get a thin layer of copper or copper-alloy coating, and then were rinsed, neutralized and ready to get plated in the secondary cell, and finally to be ready for use in the modelling cell.
The fibers were aligned either unidirectionally or bidirectionally. The volume fraction of fibers was controlled by the residence time of the fibers in the electrolytic cells (or the relative velocity of fibers) and by changing the plating current density.
After the three-step electrodeposition, the green body was hot-pressed in a furnace at a constant pressure of 20 MPa and a constant temperature of Schematic set-up of the controlled three-step electrodeposition process.
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750°C for 40 minutes under the vacuum to form the final specimen.
C. Physical and Mechanical Property Testing
The components of the samples were identified by Xray diffractometry (XRD 
RESULTS AND DISCUSSION
A Effects of Alloying Elements on Interface Bonding
In our recent research work, it was believed that there were three main kinds of interface bonding, i.e., mechanical, chemical, and diffusion. Further study showed that the best kind of interface bonding was the diffusion bonding in which matrix and reinforcement can diffuse into each other on an atomic scale. If the two compositions are reactive, there will be a chemical reaction between the matrix and the reinforcement in the interface region. Although a certain degree of reaction was necessary to promote bonding, deep reaction would degrade either the matrix or the reinforcement 121.
Carbon fibers have different kinds of interface bonding corresponding to different kinds of alloying elements. To reflect the strength of these interface bondings, the value of hot-treated stress (σ Η τ) over untreated stress (σ 0 ) was introduced here, since tensile stress was sensitive to the interface bonding.
Interface bonding character of C/Cu composites
The temperature dependence of amM» values of hotpressed C/Cu composite fibers are shown in Fig. 2 . In the temperature range of 400°C-900°C, the σκτ/σο of C/Cu was in the range of 0.8-1.0, indicating no change of οκτ/σο and thus of interface bonding of C/Cu. These conclusions are confirmed by the XRD results shown in Fig. 3 . Comparing the XRD results of the above C/Cu samples with those of carbon fibers, it was found that the peaks of carbon fiber in both figures have the same angle. It indicated that no new phase was formed, and bonding between carbon fiber reinforcement and copper matrix was mechanical, and the mechanical bonding was similar to the joining of rivets. It was not strong and could not efficiently transfer the load between the composite components.
Interface bonding of carbon fiber/copper alloys
In order to improve the interface bonding in the C/Cu composite system, carbon fibers were first coated with a very thin layer of either Cr, Fe or Sn (the content of Cr, Fe and Sn was about 10 wt% in the resulting composites), and then went through electrolytic cells to deposit a layer of Cu. After hot-pressing, the interfaces were Cu-Cr, Cu-Fe, and Cu-Sn alloys rather than Cu. They were expected to improve the properties of both the matrix and the interface. The temperature dependence of their σΗτ/σ 0 values is shown in Fig. 4 . It was observed that the σ Η τ/σο values decreased with rising temperature. However, they decreased at different rates, indicating that some kinds of reactions occurred in the interface region. The XRD results (shown in Fig. 5 ) showed that two kinds of new phases were formed in the C/Cu-Cr and C/Cu-Fe interfaces, respectively. They were Cr 3 C 2 and Fe-C compounds. So it was certain that
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•w w mJ the structure of the carbon fiber did not change when it was hot-pressed with copper matrices, i.e., there was no chemical reaction between carbon fibers and copper in the interface region. It was believed that the interface 
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B. Effects of Alloying Elements on Thermal Expansion of C/Cu (Longitudinal)
Like other metal matrix composites, the C/Cu system also has a serious problem of compatibility. In a broad sense, this involved mechanical compatibility, such as the thermal expansion mismatch effect which was practical between carbon fiber and Cu or cu alloys. The thermal expansion coefficient of carbon fiber (ocf) was different from that of Cu and Cu alloys (a™). In particular, a f was much smaller than a"" for example, at 100°C, otf= -0.235 χ 10 6ο σ\ α,,, = 16.87 χ 10 6 °C l .
The thermal expansion coefficient of the composites is determined by both matrix and reinforcement; theoretically it can be calculated as follows:
where a" = thermal expansion coefficient of composites a™ = thermal expansion coefficient of matrix a f = thermal expansion coefficient of fiber En, = Young's modulus of matrix Ef = Young' s modulus of fiber Vf = volume percentage of fiber in the composites
In order to investigate the thermal behavior of the composites, it was assumed that the matrix and the reinforcement were diffusion-bonded, so that the load could be transferred between the matrix and the reinforcement efficiently. Fig. 6 shows the temperature dependence of thermal expansion of C/Cu-Sn, C/Cu-Ni and C/Cu composite systems, respectively. The slope of the curve represents the change in thermal expansion coefficient with rising temperature. Both carbon fibers and Cu-Ni phases expanded, but at a different rate, because of their different thermal expansion coefficients. These differences resulted in the formation of longitudinal compressive stresses, on the carbon fibers and corresponding tensile stresses, a m , in the matrix σ",. The temperature dependence could be expressed as: temperature. Thus, at low temperature, o m was not obvious and the thermal expansion coefficients of the composite were determined mainly by the matrix. As the temperature rose, a m increased, and at some point, Τ τ , σ", exceeded the yield strength of the matrix σ 0 2 , and a plastic deformation began. As a result, the matrix contribution to composite thermal expansion coefficient was substantially reduced. The thermal expansion coefficient was then determined by the coefficient of the reinforcement. T T can be calculated from:
assuming that σ 0 is zero and T T equals 25.6°C. However, in Fig. 6 , T T is 176°C. The theoretical calculation and experiment values were quite different because σ 0 was ignored. As shown in Fig. 6 , the slope of the curve began to drop at 176°C, reached zero at 329°C, and remained at zero until 720°C. The residual strain resulted from the plastic deformation in the above procedure.
From the above discussion it was concluded that the interface played an important role in the thermal expansion of the composites, which determined whether the load could pass efficiently between composite components or not. Since the addition of alloying elements had an effect on interface bonding character, it would consequently also affect the thermal behavior.
When comparing the three curves in Fig. 6 , four differences were observed, i.e., in the thermal expansion parameters at each stage, the transition temperature of plastic deformation of the matrix, the residual plastic deformation and the temperature range of zero thermal expansion. The C/Cu-Ni had the smallest thermal expansion coefficients, the lowest T T and the largest residual plastic deformation. However, the situation of C/Cu was quite different, and almost contrary to that of C/Cu-Ni. C/Cu-Sn was between C/Cu-Ni and C/Cu. Different kinds of interface bonding character contribute to those differences. In C/CuNi, the interface bonding was diffusion, while in C/Cu, it was mechanical, and in C/Cu-Sn, it was something between chemical and mechanical. The load was able
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Properties of C/Cu Composites to transfer from the matrix to the carbon fiber reinforcement more efficiently in C/Cu-Ni than in C/Cu-Sn or C/Cu. This means that the stress a m of C/Cu-Ni was larger than that of C/Cu-Sn and C/Cu. Consequently, the transition temperature of plastic deformation of C/Cu-Ni was lower, the residual deformation was larger, and the thermal expansion coefficients were smaller. As the strength of interface bonding for C/CuSn was larger than that of C/Cu, thermal expansion coefficients of C/Cu-Sn were smaller than C/Cu, and its residual deformation was larger than that of C/Cu.
In Fig. 6 it is also demonstrated that both C/Cu-Ni and C/Cu-Sn had a temperature range where the thermal expansion coefficients were zero. However, no similar phenomenon was observed for C/Cu. From the above results it was believed that alloying elements improved the interface bonding, which was critical for the thermal behavior, i.e., reducing the thermal expansion coefficients, extending the temperature range of zero thermal expansion. As is well known, good thermal behavior may contribute to the potential hightemperature use of carbon fiber/copper alloy composites.
C. Effects of Alloying Elements on Longitudinal Tensile Strength
The composite's tensile strengths depend mainly on the matrix tensile strength, on the reinforcement tensile strength and on the composite interface bonding. It can be predicted theoretically by the rule of mixtures on the assumption of a perfect mechanical continuum at the interface and no chemical reaction between the constituents. The longitudinal strength of the composites would be as follows:
where a c = stress of composite Of = stress of carbon fiber o m = stress of the matrix at the fracture strain of the composite Vf = vol% of carbon fiber in the composite
The strain-stress behavior of the above composites is shown in Fig. 7 . The strain-stress curves are different from those of the matrix and the carbon fiber. An apparent transition point was observed in the experiments. Before and after the transition point, the relationship between strain and stress was linear. Defining El and E2 as the Young's moduli of the composite before and after the transition point, these values are summarized in Table 1 .
It was shown that the tensile strength of C/Cu improved after the addition of Sn and Ni to its matrix. There were two main reasons for this: Firstly, the matrix tensile strength improved because the tensile strengths of Cu alloys were larger than those of Cu. Secondly, the interface was improved by adding Sn and Ni. Thus, the load could pass from the matrix to the carbon fiber more efficiently. Note that there were significant differences between the experimental values and the theoretical expectation. These differences were due to the assumption of the rule of mixtures.
It can be concluded from the above results that the alloying elements improve the tensile strength of the composites in two ways; one is to improve the strength of the matrix, the other is to improve the composite interface.
CONCLUSIONS
The addition of alloying elements, such as Sn, Cr, Fe, Ni, to carbon fiber reinforced copper matrix copper composites can improve the interface bonding character. The interface bonding of C/Cu is mechanical, while the interface of C/Cu-Cr and C/CuFe is chemical, the interface of C/Cu-Ni is diffusionbonded and the interface of C/Cu-Sn is something between chemical and mechanical. The diffusionbonded interface is the best kind of interface bonding. The chemically-bonded interface introduces chemical reaction between the matrix and reinforcement and thus degrades the reinforcement mechanical properties. The mechanically bonded interface is not strong enough to transfer the load between the composite materials.
The alloying elements can improve the tensile strength of composites by improving the interface bonding. Furthermore, if the interface is diffusionbonded, the experimental values of tensile strength are equal to the theoretical values calculated from the rule of mixtures. The alloying elements can also affect the thermal behavior of C/Cu composites, decreasing their thermal expansion coefficients, and extending the temperature range of zero thermal expansion.
